Alcohol-related chronic myopathy is characterized by severe biochemical and structural changes to skeletal muscle. Our goals were to: (1) identify early regulatory elements that precede the overt manifestation of plantaris atrophy; and (2) circumvent these derangements by supplementing alcohol-fed rats with the glutathione precursor, procysteine. After 6 weeks of daily ingestion, before the development of overt atrophy of the plantaris muscle, alcohol increased several markers of oxidative stress and increased gene expressions of atrogin-1 and transforming growth factor-β1 (TGF-β1) by ~60-and ~65-fold, respectively, which were attenuated by procysteine supplementation. Interestingly, after 28 weeks of alcohol ingestion, when overt plantaris atrophy had developed, atrogin-1 and TGF-β1 gene expression had returned to baseline levels. Together, these findings suggest that alcohol-induced, redox-sensitive alterations drive pro-atrophy signaling pathways that precede muscle atrophy. Therefore, targeted anti-oxidant treatments such as procysteine supplementation may benefit individuals with chronic alcohol abuse, particularly if given prior to the development of clinically significant myopathy. Keywords alcoholic myopathy; atrogin-1; glutathione; oxidative stress; transforming growth factor-β1
translation factor, p70 S6 kinase 20 ; or increased expression of myostatin, a negative regulator of muscle growth. 21 Alcohol-associated myopathy may occur independently of nutritional status or vitamin deficiencies. 10 However, most studies suggest that increased skeletal muscle pro-oxidant levels and reductions to anti-oxidant capacity likely exacerbate symptoms of alcohol-related myopathy. 1, 12, 19, 26, 30 Nevertheless, the effects of chronic alcohol abuse on skeletal muscle redox state and redox-sensitive signaling pathways that occur before the clinical presentation of alcohol-associated myopathy (e.g., atrophy) remain poorly defined.
Transforming growth factor-β (TGF-β) is a superfamily of cytokines that can be induced by reactive oxygen species and oxidative stress and plays important roles in growth and development, inflammation and repair, and immune responses. 8 Our laboratory has previously shown that alcohol-induced oxidative stress increases expression of TGF-β1 and results in severe lung dysfunction. 3 Further, TGF-β1 has been implicated in skeletal muscle catabolic conditions 25 and has recently been shown to be regulated by atrogin-1, a novel E3 ubiquitin ligase associated with skeletal muscle atrophy. 4, 14 However, the influence of alcohol-induced oxidative stress on atrogin-1 and TGF-β1 expressions in skeletal muscle is unknown.
In this investigation, we analyzed the early alterations in redox state and the resultant effects on atrogin-1 and TGF-β1 expressions in skeletal muscles from alcohol-fed rats. Our objectives were to study these alcohol-induced derangements that precede the clinical manifestation of alcohol-related myopathy and to determine the effectiveness of anti-oxidant therapy in reducing these derangements. Based on strong evidence that chronic alcohol ingestion disrupts normal glutathione (GSH) metabolism, 12 we supplemented the diets of alcohol-fed rats with the GSH precursor, procysteine, and found that GSH replacement therapy may be a clinically effective treatment option to circumvent alcohol-associated myopathy.
METHODS

Animals and Diet
Male Sprague-Dawley rats (200-250 g, n = 6 rats/group) were purchased from Charles River (Wilmington, Massachusetts) and housed in pairs under a 12:12-hour light-dark cycle. All procedures were approved by our institutional review board.
Rats were fed the Lieber-DeCarli liquid diet (Research Diets, New Brunswick, New Jersey) containing either alcohol or an isocaloric substitution with malt-in-dextrin (control diet) for 6 or 28 weeks as previously described. 15, 36 Alcohol was added gradually to acclimatize the rats to the diet. It was added as 18% of total calories for 1 week, then 27% of total calories for 1 week, and finally as 36% of total calories for 4 or 26 weeks, respectively. In a subgroup of rats fed alcohol for 6 weeks, a GSH precursor, procysteine (Sigma Co., St. Louis, Missouri), was added to the diets at a concentration of 0.35% (w/v). 36 After 6 or 28 weeks, the rats were anesthetized with sodium pentobarbital and their plantaris muscles were removed, blotted dry, weighed, and prepared for further analyses.
Cross-Sectional Area Measurements
Plantaris muscles were embedded in OCT and immediately frozen in isopentane cooled in liquid nitrogen. Serial sections from the mid-belly of the plantaris muscle were cut at 14 μm and adhered to superfrost slides. Plantaris sections were processed for hematoxylin-eosin staining, dehydrated, mounted, and visualized with a Leica microscope. Approximately 125 fibers per muscle were analyzed and cross-sectional areas determined using ImageJ software (NIH, Bethesda, Maryland).
Total Protein Oxidation
Total protein oxidation was analyzed with the OxyBlot Protein Oxidation Detection Kit (Chemicon, Temecula, California) according to the manufacturer's directions. Briefly, plantaris muscles were homogenized in buffer containing 250 mM sucrose, 5 mM ethylenediamine tetraacetic acid (EDTA), 100 mM KCl, 20 mM Hepes, 2% β-mercaptoalcohol, and complete mini-protease inhibitor cocktail (Sigma). Carbonyl groups attached to the side chains of these protein lysates were derivatized to 2,4-dinitrophenylhydrazone and detected by dot-blot analysis. Densitometry was performed using a Chemidoc XRS system and analyzed using Quantity One software (Bio-Rad, Hercules, California). Samples were run in duplicate and total protein oxidation was expressed as fold change relative to controls.
High-Performance Liquid Chromatography
For determining the levels of GSH, glutathione disulfide (GSSG), cysteine (Cys), and cystine (Cyss) in plantaris muscle tissue, we used a variation of the high-performance liquid chromatography (HPLC) method described elsewhere. 28 Each sample was extracted in 5% perchloric acid with 0.2 M boric acid and 10 μM γ-glutamylglutamate as an internal standard. Iodoacetic acid was added and the pH was adjusted to 9.0 ± 0.2. After incubation for 20 min to obtain S-carboxymethyl derivatives of thiols, dansyl chloride was added and the samples were incubated for 24 h in the dark. Samples were then separated on an amine column with solvents as previously described. 15 Fluorescence detection was used for separation and quantification of the dansyl derivatives. The redox pairs (i.e., GSH and GSSG, Cys, and Cyss) were measured in parallel and expressed as picomoles/milligram.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
Plantaris muscles were immediately frozen in liquid nitrogen and stored at −80°C until processing for RT-PCR analyses. Trizol was added (1 ml/100 mg tissue) and the tissues homogenized using an electric tissue homogenizer. Total RNA (2.5 μg) was reverse transcribed in a 25-50-μl final reaction volume using random primers and M-MLV reverse transcriptase (Invitrogen, Carlsbad, California). The reverse transcription reaction was incubated at 65°C for 10 min, 80°C for 3 min, and 42°C for 60 min. RT-PCR products were analyzed using the iCycler iQ system (Bio-Rad). cDNA (5 μl of a 1:10 dilution) was amplified in a 12.5-μl reaction containing a 400-nm gene-specific primer pair and iQ Sybr Green Super-mix (Bio-Rad). Primers were as follows: atrogin-1, 5′-TCCAGACCCTCTACACATCCTT-3′ and 5′-CCTCTGCATGATGTTCAGTTGT-3′; TGF-β1, 5′-CTACTACGCCAAAGAAGTCACC-3′ and 5′-CTG-TATTCCGTCTCCTTGGTT-3′; and skeletal muscle actin, 5′-GCCTGCTATGTATGTGGCTATT-3′ and 5′-GGTGAGGATTTTCATCAGGTAG-3′. Samples were incubated at 95°C for 15 min, followed by 40 cycles of denaturation, annealing, and extension at 95°C, 58°C, and 72°C, respectively. As a control, RT-PCR was also performed on 2 μl of each RNA sample to confirm absence of contaminating genomic DNA. Fluorescence was recorded at the end of each annealing and extension step. All reactions were performed in triplicate and the starting quantity of the gene of interest was normalized to 18S rRNA for each sample. The deltadelta C T method 24 was used to analyze alterations in gene expression and values were expressed as fold changes relative to control.
Statistics
One-way analyses of variance were performed followed by Student-Newman-Keuls post hoc tests using SigmaStat v2.0 software (Jandel, San Rafael, California). Significance was accepted at P ≤ 0.05.
RESULTS
Markers of Reduction and Oxidation (Redox) States
We first identified the effect of 6 weeks of alcohol ingestion on various markers of redox state in rat plantaris muscles, which did not show any atrophy, including measurable total protein oxidation and metabolites of the GSH system. The muscles displayed a nearly twofold increase in total protein oxidation relative to controls (Fig. 1 ). Supplementing the alcohol diets with the GSH precursor, procysteine, effectively decreased total protein oxidation in the plantaris to levels comparable to isocaloric-fed controls.
We next used HPLC analysis to determine the levels of GSH and GSSG (Fig. 2) , and the levels of Cys and Cyss (Fig. 3 ). Six weeks of alcohol ingestion significantly decreased GSH levels ( Fig. 2A) and Cys levels (Fig. 3A) , and increased the ratio of Cyss/Cys, a marker of the oxidative state of the Cys pool ( Fig. 3C) . Procysteine supplementation increased Cys levels and attenuated the alcohol-induced increase in Cyss/Cys ( Fig. 3A and C, respectively).
Atrogin-1 and TGF-β1 Expressions
We then analyzed atrogin-1 and TGF-β1 mRNA levels in plantaris muscles from alcohol-fed rats supplemented with or without procysteine. Six weeks of alcohol ingestion increased atrogin-1 and TGF-β1 mRNA levels ~60-and ~65-fold in plantaris muscles from alcohol-fed rats ( Fig. 4A and B, respectively) . Procysteine supplementation in the diets of alcohol-fed rats significantly reduced both atrogin-1 and TGF-β1 mRNA levels; however, these levels were still higher than those from isocaloric-fed controls.
Plantaris Morphology and Gene Expression after 28 Weeks of Alcohol Ingestion
Because alcohol increased atrogin-1 and TGF-β1 gene levels in the absence of plantaris atrophy after 6 weeks, we next determined their expression levels when alcohol-induced atrophy was apparent. Plantaris muscle-fiber cross-sectional area (CSA) from alcohol-fed rats decreased ~32% compared with controls ( Fig. 5A ). Interestingly, gene expression levels of both atrogin-1 and TGF-β1 were unchanged ( Fig. 5B and C, respectively).
DISCUSSION
In this study, 6 weeks of daily alcohol ingestion caused significant oxidative stress in plantaris muscles. In parallel, we showed that chronic alcohol ingestion strongly induced atrogin-1 and TGF-β1 gene expressions before the onset of atrophy; once alcohol-induced atrophy was apparent, their expressions normalized. Together, these data reveal an important temporal relationship between these early pro-atrophy factors and the later clinical manifestation of alcohol-related myopathy. Procysteine supplementation reduced some markers of oxidative stress, and reduced atrogin-1 and TGF-β1 gene expressions, which implies that the attenuation of these early catabolic factors may prevent future skeletal muscle atrophy should alcohol abuse persist. These findings further suggest that anti-oxidant therapy, using GSH precursors such as procysteine or S-adenosyl-L-methionine (SAMe), may provide a feasible and clinically effective treatment option for alcohol-associated myopathy.
Our data support the notion that chronic alcohol ingestion alters redox balance in skeletal muscle. 12, 30 Type II fiber-rich muscles (i.e., fast muscles) are particularly sensitive to alcohol-induced alterations in redox state, in part because of lower GSH levels compared with slower muscles. 23 GSH is a highly potent, non-vitamin anti-oxidant that detoxifies reactive oxygen species and plays an important role in maintaining redox balance in skeletal muscle. 7, 33 GSH levels may be restored by supplementing diets with precursor molecules such as N-acetylcysteine (NAC), SAMe, or procysteine. NAC, the only clinically available GSH precursor, was not effective in preventing alcohol-induced liver or lung dysfunction. 15 In contrast, SAMe, an over-the-counter GSH precursor commonly used to treat alcoholic liver disease, has proven effective in experimental models. 22 Our laboratory has shown that procysteine supplementation provides an effective means of replenishing the usable pool of GSH in lung tissue from alcohol-fed rats 15, 36 and abrogates alcohol-induced tissue dysfunction. 3, 36 Similarly, we have now shown that prolonged alcohol ingestion decreases the available pool of GSH and Cys in the plantaris, suggesting that those benefits of procysteine supplementation apparent in lung tissue 3, 36 may extend into skeletal muscle tissue. Although other investigators have tried anti-oxidant or anti-oxidant cofactor supplementation in the diets of alcoholics to improve derangements to skeletal muscle, the effectiveness of these interventions has been limited. 9, 18, 32 One possible explanation for this lack of effectiveness in studies using vitamin anti-oxidant compounds is that levels of common vitamins, such as α-tocopherol, ascorbic acid, and retinol, are normal in serum and muscles from patients with alcohol-associated myopathy. 11 Therefore, increasing the concentrations of these vitamins may provide only limited benefits.
Although debatable, 29 a few studies have shown that daily alcohol ingestion for 6 weeks is insufficient to produce atrophy in predominantly fast muscles from older male rats. 29, 37 As we and others 34 have shown, continued alcohol abuse in older animals will result in complications from alcohol-related myopathy. Nevertheless, despite the fact that 6 weeks of alcohol abuse failed to produce plantaris atrophy in our study, several known factors implicated in skeletal muscle catabolism are induced, including oxidative stress, atrogin-1, and TGF-β1.
Atrogin-1, also known as muscle atrophy F-box (MAFbx), is an E3 ubiquitin ligase that initiates adenosine triphosphate-dependent, ubiquitin-mediated proteolysis and is abundant in skeletal muscles undergoing atrophy. 4, 14 Atrogin-1 is thought to recognize and bind to specific phosphorylated proteins, promote their ubiquitination, and initiate degradation during skeletal muscle atrophy. 4 Atrogin-1 mRNA expression is markedly increased in muscles that are wasting due to cancer, renal failure, and diabetes. 14 Similar to alcoholic myopathy, these diseases are also associated with increased free-radical production and significant oxidative stress. 27, 35 Herein, we have provided evidence that skeletal muscles from alcohol-fed rats have increased atrogin-1 mRNA expression, which appears to be sensitive to oxidative stress. We assert that alcohol-induced, redox-sensitive atrogin-1 expression may prime skeletal muscle for future derangements should alcohol abuse persist. Six weeks of daily alcohol ingestion also increases the expression of TGF-β1, a cytokine implicated in the regulation of skeletal muscle mass. 25 Atrogin-1 may regulate TGF-β signaling by degrading specific substrates associated with this pathway. 2 Although procysteine supplementation alone did not completely normalize atrogin-1 and TGF-β1, the present findings suggest that these alcohol-induced expressions are, at least in part, amenable to GSH replacement therapy. Another possibility for the significant, albeit incomplete, reduction in atrogin-1 and TGF-β1 due to procysteine supplementation is that other redox-independent mechanisms may coregulate their expression levels. Nevertheless, procysteine supplementation reduced atrogin-1 and TGF-β1 expression levels by ~83%, which may be sufficient enough to abrogate the alcohol-induced, redox-sensitive mechanisms that lead to muscle derangements and dysfunctions.
Although 28 weeks of daily alcohol ingestion produced significant plantaris atrophy, gene expressions of atrogin-1 and TGF-β1 returned to control levels. Although it is possible that alcohol-related myopathy is independent of atrogin-1 and TGF-β1, the dramatic induction of these genes after 6 weeks of alcohol ingestion would appear to make this interpretation unlikely. Instead, these findings reveal an intriguing temporal association in which early, oxidant-mediated induction of atrogin-1 and TGF-β1 gene expression precedes the later development of overt muscle atrophy. Further, in light of the evolving evidence implicating atrogin-1 and TGF-β1 in the pathophysiology of muscle atrophy, these findings suggest a mechanistic as well as a temporal relationship. Taken together, our data support the hypothesis that these early, redox-sensitive inductions in pro-atrophy factors by daily alcohol ingestion represent significant pre-clinical alterations in the evolution of alcoholrelated myopathy that are responsible, at least in part, for the establishment of a pro-atrophy signaling milieu. If correct, this pathophysiological scheme would then support the use of procysteine or other thiol supplementation to reduce atrogin-1 and TGF-β1 expression. Although the effectiveness of prescribing anti-oxidants or anti-oxidant cofactors as potential treatments for patients suffering from alcohol-associated myopathy has been debated, we have provided evidence that procysteine supplementation may represent a clinically effective treatment option that could attenuate this myopathy. Total protein oxidation in rat plantaris muscles. The increase in total protein oxidation in rat plantaris muscles due to 6 weeks of chronic alcohol ingestion is attenuated by procysteine supplementation. Values are normalized to controls and expressed as mean + SEM. EtOH, alcohol-fed rats; PRO, procysteine-supplemented rats. Significant difference (P < 0.05) is shown compared with control group (*) or EtOH group (#). GSH and GSSG levels in plantaris muscles. Chronic alcohol ingestion for 6 weeks decreased the available pool of GSH (A), but had no effect on GSSG levels (B). The GSSG/ GSH ratio, a marker of the oxidative state of the GSH pool, was unchanged between the groups (C). Values are expressed as mean + SEM. GSH, glutathione; GSSG, glutathione disulfide; EtOH, alcohol-fed rats; PRO, procysteine-supplemented rats. Significant difference (P < 0.05) is shown compared with control group (*). Atrogin-1 and TGF-β1 gene expressions in plantaris muscles. Real-time polymerase chain reaction analyses showed increased atrogin-1 (A) and TGF-β1 (B) mRNA levels in plantaris muscles from rats chronically fed alcohol for 6 weeks. These expression levels were sensitive to procysteine supplementation. As a control, mRNA levels of skeletal muscle actin were quantified and showed no difference between groups. Data are presented as mean ± range of potential values based on the 2 −ΔΔCT method 24 and expressed as fold changes relative to controls. EtOH, alcohol-fed rats; PRO, procysteine-supplemented rats. Significant difference (P < 0.05) is shown compared with control group (*) or EtOH group (#).
